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This paper reports the degradation of indigo carmine and eosin Y dyes in water, catalyzed by cobalt and
multiwalled carbon nanotube modiﬁed zirconium oxide nanocomposite (Co-ZrO2-MWCNTs) under si-
mulated visible light. The bare ZrO2, ZrO2-MWCNTs, Co-ZrO2 and Co-ZrO2-MWCNTs with different per-
centage compositions of cobalt were synthesized by homogeneous co-precipitation method. Character-
ization of the prepared nanocomposites was carried out using X-Ray powder Diffraction (XRD), Fourier
Transformer Infrared (FTIR) Spectroscopy, Transmission Electron Microscopy (TEM), Raman Spectro-
scopy, (UV–Vis)-Spectroscopy and Energy Dispersive Spectroscopy (EDS) for their structure, formation,
morphology, size and elemental analysis. The experimental results indicated that all the cobalt and
MWCNTs modiﬁed nanocomposites demonstrated higher photocatalytic activities compared to the bare
ZrO2. The most efﬁcient catalyst (0.5% Co-ZrO2-MWCNTs) with the band gap and Ka values of 5.21 eV and
16.86103 min1 respectively exhibited 98% degradation efﬁciency toward indigo carmine and 87%
toward eosin Y in 180 min.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the most basic need of mankind the necessity for easy access
to safe drinking water cannot be overemphasized [1]. However,
the industrialization, domestic and agricultural activities con-
stitute the major sources of the introduction of conventional as
well as newly emerging organic pollutants (i.e. dye) into water
bodies, and hence affect the quality of the water. Numerous con-
ventional methods such as ﬁltration, oxidation and ion exchange
have been reported for the removal of organic dyes from water,
but each of them has its own respective limitation [2].
Photocatalytic degradation of organic pollutants is one of the
most promising techniques that can be used efﬁciently to achieve
high removal rate of organic dyes from water [3]. Photocatalytic
degradation technique is eco-friendly and has relatively low op-
erational cost in comparison to other conventional methods [2].
Metal oxide semiconductors play signiﬁcant roles for the photo-
catalytic degradation of organic dyes. Zirconium oxide (ZrO2) is
one of the well-known and studied metal oxide semiconductory. Production and hosting by Elsev
Anku).
als Research Society.photocatalysts since it has unique properties such as high thermal
stability, chemical inertness, high speciﬁc surface area, reusability,
low cost, as well as good optical and electrical properties. These
properties are the requirements of a good photocatalyst [4].
However, the rapid recombination of excited electron-hole pairs
and the wide bandgap (5.0 eV) are obstacles that limit the pho-
tocatalytic efﬁciency of ZrO2 [5]. Various strategies are being ex-
plored to augment the photocatalytic efﬁciency of ZrO2. These
strategies include enhancing the photo-response of ZrO2 to visible
light by reducing the wide band gap, and minimizing the high
charge carrier recombination rate through the addition of carbo-
naceous materials and doping with transition metals.
Carbon nanotubes (CNTs) are known to possess unique optical,
electronic and adsorption properties [6]. These outstanding
properties of CNTs enable them to play important roles in semi-
conductor photocatalysis. CNTs are well accepted supporting ma-
terials to enhance photocatalytic activities of semiconductor metal
oxide based photocatalyst, since CNTs have the ability to act as
photosensitizers with high adsorption properties [7]. Multiwalled
carbon nanotubes (MWCNTs) are considered as good supports for
semiconductors with improved photocatalytic properties due to
their stability, high mechanical strength, and nanoporous char-
acter [8]. Many inorganic and organic molecules have been suc-
cessfully decorated on MWCNTs. The dispersion of metal oxideier B.V. This is an open access article under the CC BY-NC-ND license
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photon adsorption. MWCNTs act as electron acceptors, resulting in
retardation of electron-hole recombination rate in metal oxide
doped semiconductor photocatalyst. These composites not only
exhibit unique intrinsic properties such as electronic, mechanical,
adsorption and thermal properties but also display synergetic ef-
fects for dye degradation [9].
Many elaborate works have also been done to modify the
structures of semiconductors with the aim to signiﬁcantly enhance
their optical absorption by doping with transition metals [10,11].
The most common and effective method of reducing the wide
band gap of a metal oxide semiconductor is through using tran-
sition metals [12]. Transition metals such as Pt, Ni, Ag, Cu and Co
are found to be effective for improving the photocatalytic activity
of metal oxide semiconductors [13]. The dopant transition metal
ions improve the charge separation of photonically produced
electrons and holes by creating a permanent electric ﬁeld [14].
Cobalt doped semiconductor photocatalysts can produce a sig-
niﬁcant red shift in band gap energy and the additional optical
absorption bands extending to the visible range of solar energy
[15,16]. Nanocomposites consisting of Co doped ZrO2, and
MWCNTs are likely to overcome the drawbacks of the bare ZrO2
photocatalyst, and to integrate the advantages of each of the re-
spective components. It is therefore prospected that the mod-
iﬁcation of ZrO2 with Co and MWCNTs will result in a nano-
composite with admirable visible light absorption and subsequent
improvement in its photocatalytic activity.
Both indigo carmine and eosin Y are anionic dyes with indigo
carmine belonging to indigo class and eosin Y, xanthene-ﬂuorone
class in terms of functional groups [17]. These dyes are mainly
used in textile industries for dyeing of polyester ﬁbers and in food
and cosmetic industry as a diagnostic aids [18]. They are also used
as microscopic stains in biology, and as redox indicators in ana-
lytical chemistry [19]. However, aside from being unsettled and
released in the efﬂuent, these dyes are highly toxic and can cause
eye and skin irritation [20]. They are also known to be carcinogens
and cause reproductive, developmental and neuro toxicity [21].
Therefore, the development of efﬁcient technology for the removal
of these pollutants from water is of paramount interest.
In the present study, a series of Co doped ZrO2 decorated
MWCNTs (Co-ZrO2-MWCNTs) hybrid composites with different
percentage compositions of cobalt (0.5%, 1.0% and 2.0%) were
synthesized by co-precipitation method. The photocatalytic de-
gradation effectiveness of the Co-ZrO2-MWCNT catalysts was as-
sessed by photocatalytic degradation studies on indigo carmine
and eosin Y dyes under simulated visible light irradiation.2. Experimental
2.1. Materials
The following materials were used for the preparation of
Co-ZrO2-MWCNT composites:
MWCNTs (495% purity, Bayer Material Science AG, Germany),
Polyethylene glycol, DBH, Zirconium (IV) oxychloride octahydrate
(ZrOCl2 8H2O, 95%, DBH), concentrated Nitric acid (HNO3, 55%,
DBH), Ammonia solution (NH3OH, 30%, ACE), Cobalt nitrate hex-
ahydrate ((Co (NO3)2 6H2O), Sigma-Aldrich), indigo carmine and
eosin Y, Sigma-Aldrich. All the reagents were of analytical grade
and were used as received without any further puriﬁcation. Stock
solutions of the dyes were prepared by dissolving appropriate
amounts of indigo carmine and eosin Y in 1000 ml of deionized
water. The stock solutions were further diluted to obtain the dye
solutions of desired concentrations.2.2. Functionalization of multiwalled carbon nanotube
The MWCNTs were dispersed in conc. nitric acid (HNO3, 55%)
for 30 min in an ultrasonic bath at 30 °C, followed by reﬂuxing at
100 °C for 5 h with continuous stirring in a closed system. The
treated MWCNTs were cooled to room temperature and ﬁltered
through a 0.2 mm polytetraﬂuoroethylene (PTFE) membrane with
deionized water. The treated MWCNTs were washed continuously
with deionized water to get a neutral pH. This was followed by
oven drying at 100 °C for 24 h, and then cooling to room
temperature.
2.3. Preparation of Co-ZrO2-MWCNTs nanocomposites
Homogenous co-precipitation synthesis of 1.0 wt% Co doped
ZrO2 and 0.5 wt% MWCNTs nanocomposite (Co-ZrO2-MWCNTs)
was carried out as follows: the calculated amounts of Co (NO3)2 
6H2O, MWCNTs, and ZrOCl2 8H2O were ﬁrst dispersed in deio-
nized water, and then the mixture was sonicated in an ultrasonic
bath for 30 min. Subsequently, the mixture was magnetically
stirred for 30 min to obtain a uniform suspension, followed by the
addition of 1 ml polyethylene glycol (PEG) with rigorous stirring.
The Co-ZrO2-MWCNTs nanocomposite was precipitated by drop
wise addition of 30% ammonia solution (NH4OH) with continuous
stirring at room temperature, till the pH of the mixture was
around 9. The resulting solution was stirred for 30 min and the as-
prepared nanocomposite was ﬁltered through centrifugation
(7500 rpm for 5 min at 4 °C). The prepared nanocomposites were
then washed several times with a mixture of absolute ethanol and
deionized water to remove the soluble impurities. The obtained
Co-ZrO2-MWCNTs nanocomposite was dried in an oven at 100 °C
for 12 h along with calcination at 400 °C for 4 h, and then pul-
verized to obtain the nanocomposite powder. The un-doped ZrO2,
ZrO2-MWCNTs, 0.5% Co-ZrO2, 0.5% and 2% Co-ZrO2-MWCNTs na-
nocomposites were also prepared by following the same
procedure.
2.4. Characterization
The crystalline structures, phase compositions and size of the
bare and modiﬁed ZrO2 nanocomposites were characterized by
using X-ray diffraction (XRD). The XRD pattern was recorded on
Philips PANalytical X′pert PRO X-ray diffractometer. Crystallite si-
zes of catalysts were calculated using the Debye-Scherrer's Eq. (1)
[22]:
β θ
=
( )
λD
K
cos 1
where, D is the crystallite size, K is a shape factor with a value of
0.9, λ is the wavelength of the X-ray (0.15406 nm), β is the value of
full width at half maximum (FWHM) in the radiation of (101)
plane in 2θ scale, and θ is the Bragg's diffraction angle at the
maximum.
FTIR for the nanocomposites was recorded on the PerkinElmer
spectrometer (Spectrum 100) in the wavelength range of
400–4000 cm1. The FTIR study was performed by using po-
tassium bromide (KBr) pellet. The surface morphology of the na-
nocomposites was studied by SEM. The internal morphology and
size of the bare ZrO2 and Co-ZrO2-MWCNTs nanoparticle were
investigated by TEM. Two drop of the suspension was transferred
to a Cu grid and allowed to dry at room temperature. The optical
absorption study was carried out using a UV–vis spectro-
photometer. Raman active modes of the Co-ZrO2-MWCNTs nano-
composites were recorded by using PerkinElmer Raman
microscope.
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nanocomposites
The photocatalytic degradation potential of the
Co-ZrO2-MWCNTs nanocomposites was investigated by the de-
gradation of indigo carmine and eosin Y dyes in water. 0.1 g of the
Co-ZrO2-MWCNTs catalyst was dispersed in 100 ml of indigo car-
mine and eosin Y dye solutions (20 ppm). The mixtures were in-
itially kept under continuous magnetic stirring in a dark en-
vironment for 30 min to establish absorption equilibrium between
the Co-ZrO2-MWCNTs catalysts and the solutions. A Port 9600 full
spectrum solar simulator equipped with 150 W ozone free xenon
lamp ﬁtted with a dichroic UV ﬁlter (λ¼420 nm) was used to il-
luminate the samples at room temperature. Disposable syringes
ﬁtted with 0.45 mm PVDF membrane were used to withdraw the
illuminated solutions (5 ml) at 30 min intervals. The concentra-
tions of the indigo carmine and eosin Y dyes in each solution after
illumination were determined by using Shimadzu UV-2450 spec-
trophotometer at λ¼610 nm and 517 nm respectively. As a control,
the degradation experiment for each sample was carried out fol-
lowing the same procedure in the absence of light illumination. A
discoloration efﬁciency principle was used to investigate the
photodegradation ability of the Co-ZrO2-MWCNTs catalysts.3. Results and discussion
3.1. Structural analysis
Fig. 1 shows the X-ray diffraction (XRD) patterns of the sam-
ples, showing the existence of monoclinic and tetragonal crystal-
line phases. The monoclinic and tetragonal speciﬁc crystalline
phases for ZrO2 nanoparticles (Fig. 1a), has been reported by Tyagi10 20 30 40 50 60 70
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Fig. 1. XRD pattern of (a) ZrO2, (b) 0.5% Co-ZrO2 (c) ZrO2-MWCNTs, (d) 0.5%
Co-ZrO2-MWCNTs, (e) 1.0% Co-ZrO2-MWCNTs and (f) 2.0% Co-ZrO2-MWCNTs.et al. [23]. The characteristic XRD peaks of the tetragonal phase
occurred at 30.2°, 34.5°, 50.2° and 60.2° corresponding to the
(101), (200), (220), and (311) reﬂection planes, respectively [24].
Whereas, the XRD peak observed at 24.9°, 28.1° and 32.7° re-
presenting (110), (111) and (110) planes are attributed to mono-
clinic crystalline phase. The tetragonal phase is observed to be
dominant in terms of peak intensities. Indeed, it is worth noting
that the intensities of the peaks of the monoclinic phase steadily
decreased with increasing cobalt concentration up until the 2.0%
Co-ZrO2-MWCNTs where the peaks for the monoclinic phase
completely disappeared (Fig. 1d–f). The disappearance of these
peaks is due to the transformation of the monoclinic phase of the
nanocomposites to the tetragonal phase, as a function of increas-
ing Co concentration.
The sharpness of the peaks is an indication of the degree of
crystallinity of the composites. The crystallite sizes of the catalysts
were estimated using the Debye-Scherrer's equation, and the va-
lues obtained are 9 nm, 7 nm, 11 nm, 8 nm, 7 nm, and 5 nm for
ZrO2, 0.5% Co-ZrO2, ZrO2-MWCNTs, 0.5% Co-ZrO2-MWCNTs, 1.0%
Co-ZrO2-MWCNTs and 2.0% Co-ZrO2-MWCNTs nanoparticles, re-
spectively. It was realized that the crystallite sizes of the nano-
particles decrease with increasing cobalt concentration. This could
be related to the ionic sizes of the host metal (zirconium) and the
dopant (cobalt). With increasing Co concentration, more of the
zirconium ions are substituted by the Co ions. Since the ionic size
of Co (0.65 Å) is smaller than that of zirconium (0.72 Å), the
crystallite sizes of the catalysts decrease with increasing sub-
stitution of zirconium by Co.
Raman spectra analysis was carried out to conﬁrm the mono-
clinic and tetragonal phase patterns of ZrO2. The results of this
analysis is presented in Fig. 2. According to factor group analysis,
the tetragonal phase of ZrO2 (t-ZrO2) should have six Raman active200 400 600 800
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Fig. 2. Raman spectra of (a) ZrO2, (b) 0.5% Co-ZrO2 (c) ZrO2-MWCNT and (d) 0.5%
Co-ZrO2-MWCNTs, (e) 1.0% Co-ZrO2-MWCNTs and (f) 2.0% Co-ZrO2-MWCNTs.
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Fig. 3. FTIR spectra of (a) ZrO2, (b) 0.5% Co-ZrO2 (c) ZrO2-MWCNT, (d) 0.5%
Co-ZrO2-MWCNTs, (e) 1.0% Co-ZrO2-MWCNTs, (f) 2.0% Co-ZrO2-MWCNTs and (g)
COOH-MWCNTs.
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should have eighteen (9Agþ9Bg) [25]. Thirteen out of the eigh-
teen Raman active vibrational modes of monoclinic ZrO2 (m-ZrO2)
were observed in this analysis (Fig. 3a and b) and are assigned as
follows: Bg at 86, 223, 335, 382, 502, 538, 616 and 637 cm1; Ag at
103, 180, 307, 476 and 559 cm1, as reported earlier [26,27]. The
absence of some characteristic monoclinic peaks is due to the
overlapping of vibrational bands.
The characteristic Raman active mode of t-ZrO2 occurred at
147 cm1 and 267 cm1. In addition, the bands at 476 cm1 and
637 cm1 are observed for both the tetragonal and monoclinic
phases of ZrO2. The assignment of the t-ZrO2 bands are as follows:
B1g at 147 cm1, Eg at 276 cm1, 476 cm1, and 637 cm1[28]. It
can be observed in the spectra for ZrO2-MWCNTs, 0.5%
Co-ZrO2-MWCNTs, and 1.0% Co-ZrO2-MWCNTs (Fig. 2c–e, respec-
tively) that the m-ZrO2 peaks disappeared with the introduction of
the MWCNTs. This could be as a result of the overlapping of
MWCNTs peaks with the respective ZrO2 peaks. In 2.0% Co doped
ZrO2-MWCNTs nanocomposite spectrum (Fig. 2f), appearance of
the two speciﬁc broad peaks at 147 cm1 and 637 cm1 are as-
signed to t-ZrO2. The Raman study indicated that pure ZrO2 dis-
played both monoclinic and tetragonal phases. However, only the
tetragonal phase was present at 2% Co doping. These observations
corroborate the successful synthesis of ZrO2 and doping of Co at
varying concentrations. The Raman results support the outcome of
XRD analysis (Fig. 1).
Fig. 3 shows the FTIR spectra of the bare ZrO2, ZrO2-MWCNTs,
Co-ZrO2 and Co-ZrO2-MWCNTs. The broad peak at 627 cm1 for
the bare ZrO2 and Co doped ZrO2 spectra (Fig. 3a and b) respec-
tively corresponds to Zr-O vibration of tetragonal structure, while
the broadness of the FTIR band indicates the crystalline nature of
ZrO2 powders [29]. The observed broad and sharp peaks at3438 cm1 and 1630 cm1 are due to –OH stretching and bending
vibrations respectively of adsorbed water molecules. The absorp-
tion band at 1387 cm1 is attributed to non-bonding –OH group
over the ZrO2 nanoparticles. The slight changes in peak intensities
of Co doped ZrO2 (Fig. 3b) compared to that of the bare ZrO2 can be
attributed to Co doping effect. On the other hand, Fig. 3(c–f) show
the FTIR spectrum of Co and MWCNTs modiﬁed catalysts. The
absorption peaks at 757 cm1 and 500 cm1 are attributed to
Zr-O2-Zr symmetric and Zr-O stretching mode vibrations respec-
tively, conﬁrming the formation of ZrO2 phases [30].
The vibration band at 3600 cm1 is associated with –OH group
of adsorbed water molecules on the MWCNTs sidewall surfaces
[23]. The FTIR absorption band at 1330 cm1 is assigned to C–C
skeletal vibration while the absorption band at 1669 cm1Q
correspond to C¼C bond stretching of MWCNTs. The broad ab-
sorption peaks between 3400 cm1–2400 cm1 and
1730 cm1–1650 cm1 signify O–H and C¼O stretching vibrations
respectively (Fig. 3g). These absorption bands strongly conﬁrm the
successful functionalization of the MWCNTs with carboxylic acid
group. The FTIR absorption peak located between
1500 cm1–1450 cm1 (Fig. 3g) is attributed to C–C¼C asym-
metric stretching of the functionalized MWCNTs. It is observed
that the intensities of the absorption bands at 757 cm1 and
500 cm1 for 0.5% Co-ZrO2-MWCNTs (Fig. 3d) are higher than
those of the other cobalt and MWCNTs modiﬁed nanocomposites
(ZrO2-MWCNTs, Co-ZrO2, 1.0% Co-ZrO2-MWCNTs and 2.0%
Co-ZrO2-MWCNTs). This notable change in spectrum means that
the FTIR study support the doping of ZrO2 with Co, and that the
ZrO2 was perfectly doped at 0.5% cobalt concentration.
3.2. Morphology and microstructure studies
TEM analysis was performed to investigate the microstructure
of the as prepared nanocomposites. Fig. 4a and b revealed the TEM
images of the bare ZrO2 and 0.5%Co doped ZrO2 decorated
MWCNTs respectively. Fig. 4a shows the spherical structure of
ZrO2 NPs, and Fig. 4b shows the spherical shaped ZrO2 NPs evenly
distributed on the side walls of the MWCNTs. The distribution of
Co doped ZrO2 NPs over the side wall of MWCNTs is in the form of
decoration. EDS study was carried out to conﬁrm the elemental
composition of the Co doped ZrO2 decorated MWCNTs nano-
composite (Fig. 4c). The EDS study conﬁrms the presence of zir-
conium, cobalt, carbon, and oxygen as the primary components, as
expected. TEM and EDS further conﬁrms the successful synthesis
of Co doped ZrO2-MWCNTs nanocomposites.
3.3. Optical studies
The optical properties of the nanocomposites were examined
with UV–vis absorbance (Fig. 5). The absorption band of the bare
ZrO2 occurred at 366 nm as a result of charge transfer from the
valance band to the conduction band. The bare ZrO2 showed a blue
shift in the entire visible light range (Fig. 5a), while the modiﬁed
catalysts displayed high absorption in the entire visible light re-
gion. The samples absorbed in the entire visible light region with
the presence of Co and f-MWCNTs; and the absorption increase
with increasing Co concentration. The highest visible light ab-
sorption was displayed by the 0.5% Co-ZrO2-MWCNTs sample. The
absorbance of the 1.0% Co and 2.0% Co-doped samples were less
than that of the 0.5% Co-ZrO2-MWCNTs sample. This observation
could be ascribed to the fact that metal ions at high concentrations
act as recombination centers for both electrons and energized
holes [31] and therefore affect the photoactivity of the catalyst.
Kubelka-Munk (K-M) function (Eq. (2)) allows the optical ab-
sorbance of a material to be approximated from its standard re-
ﬂectance.
Fig. 4. TEM image of (a) ZrO2, (b) Co-ZrO2-MWCNTs and EDS image of (c) Co-ZrO2-MWCNTs.
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Fig. 5. UV–vis spectra of (a) ZrO2, (b) ZrO2-MWCNTs, (c) 0.5% Co-ZrO2 (d) 2.0%
Co-ZrO2-MWCNTs (e) 1.0% Co-ZrO2-MWCNTs and (f) 0.5% Co-ZrO2-MWCNTs.
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where, the reﬂectance (R)¼Rsample/Rreference.
For a semiconductor material, the K-M function allows the
construction of a Tauc plot which is a convenient approach of
displaying the optical absorption spectrum of a particular material.
The band gap energy of the various materials were estimated byplotting the Tauc function [F(R)*hν]n vs. photon energy (hν), with
n¼1/2. The band gap value of pure ZrO2 was found to be 5.64 eV
(Fig. 6). This result is consistent with earlier reported values
[32,33]. The band gap values of the modiﬁed catalysts were also
estimated by following the same procedure. The results are pre-
sented in Table 1. Table 1 shows that the band gap value of the
pure ZrO2 decreased consistently with increasing cobalt con-
centration. The nanocomposite with the highest Co concentration
(2.0% Co-ZrO2-MWCNTs) had the least band gap value (4.72 eV).
This means that cobalt concentration played an important role in
the reduction of ZrO2 band gap value.
3.4. Photocatalytic properties
In an attempt to evaluate the photocatalytic activities of the
catalysts (ZrO2, ZrO2-MWCNTs, Co-ZrO2 and Co-ZrO2-MWCNTs),
photocatalytic degradation of 20 ppm indigo carmine (IC) and
eosin Y (EY) solutions by the catalysts was carried out under si-
mulated visible light. Degradation of the dyes was determined by
measuring the absorbance of the dye solutions in 30 min intervals
for 3 h. Fig. 7a and b show the UV–vis spectra change of the de-
gradation of IC and EY respectively, as a function of time by 0.5%
Co-ZrO2-MWCNTs catalyst.
The characteristic optical absorption peak of IC and EY at
610 nm and 517 nm respectively, are observed to decrease gradu-
ally from 0 min to 180 min. The gradual decrease of the absor-
bance of the dyes over time is an indication of the gradual pho-
todegradation of dyes by the catalyst. The percentage removal of
the dyes by the bare ZrO2, ZrO2-MWCNTs, Co-ZrO2 and
Co-ZrO2-MWCNTs composites with different concentration of Co,
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Fig. 6. Tauc plot for (a) ZrO2, (b) ZrO2-MWCNTs, (c) 0.5% Co-ZrO2 (d) 0.5% Co-ZrO2-MWCNTs, (e) 1.0% Co-ZrO2-MWCNTs and (f) 2.0% Co-ZrO2-MWCNTs.
Table 1
Indirect band gap and percentage degradation after exposure to visible-light ra-
diation measured after 180 min.
Sample Indirect band
gap (eV)
Degradation (%) Ka103 (min1)
ZrO2 5.64 21.0 2.48
ZrO2-MWCNTs 5.64 83.6 4.93
0.5% Co-ZrO2 5.21 85.1 5.12
0.5% Co-ZrO2-MWCNTs 5.21 100.0 9.07
1.0% Co-ZrO2-MWCNTs 5.00 87.7 13.00
2.0% Co-ZrO2-MWCNTs 4.72 88.8 16.86
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tion of time (Fig. 8a and b). The results showed that the pure ZrO2
was only 21% efﬁcient in degrading IC (Fig. 8a) and 17% efﬁcient
against eosin Y (Fig. 8b) over 180 min. Meanwhile, the most efﬁ-
cient catalyst (0.5% Co-ZrO2-MWCNTs) was able to degrade IC with
98% efﬁciency, and EY with 85% efﬁciency within 180 min. The
result of this analysis is presented in Table 1.
It is evidently clear that indigo carmine was degraded faster
than eosin Y. Dyes structural differences could be a major factor in
this observation. The higher degradation efﬁciency experienced by
IC compared to EY is attributed to the presence of hydrogen
bonding in IC [34] which is absent in EY. The formation of inter-
molecular hydrogen bond with the solvent molecule dislocates the
molecular planarity resulting in fast deactivation of IC as a result of
the breakage of the main –C–C– bond [34].
The remarkable photocatalytic efﬁciency of the modiﬁed ZrO2
photocatalysts is accredited to a number of factors. These factors
include high visible light absorption of the catalyst due to efﬁcient
transfer of charge carriers, reduced band gap and delayed elec-
tron-hole recombination due to trapping of electrons from the
conduction band by Co ions and MWCNTs. Again, it is has beenreported that the photocatalytic activity of pure monoclinic ZrO2
sample is higher than that of the tetragonal and cubic ZrO2 sam-
ples under identical conditions [35]. This could be one of the
reasons why 0.5% Co-doped catalyst with more monoclinic phase
showed better photocatalytic activity compared with other in-
vestigated catalysts.
Langmuir-Hinshelwood expression (Eq. (3)) was used to study
the photocatalytic performance of the catalysts.
= ( )
C
C
ktln 3
o
where, Co/C is the normalized concentration of IC, t is the reaction
time, and K is the apparent reaction rate constant. The kinetic
model was applied to the experimental data and the apparent rate
constants (Ka) of IC degradation were obtained from the plot of In
(Co/C) vs. time. The plot is shown in Fig. 9, and the apparent rate
constants are provided in Table 1. Because the concentration of the
catalysts remains constant, its concentration is absorbed in the
rate constant resulting in pseudo-ﬁrst order reaction constant. The
good linear relation obtained for all the reactions ascertain the fact
that the reactions followed the pseudo-ﬁrst order kinetics. This
analysis was performed using IC since it is the dye with the highest
degradation efﬁciency.
The results indicated that 0.5% Co doped ZrO2-MWCNTs na-
nocomposite had the fastest rate of degradation of IC within the
180 min, with Ka value of 16.86103 min1. This Ka value is
about 7 times greater than that of the bare ZrO2 (Ka
¼2.48103 min1). This conﬁrms the observation that 0.5% Co
doped ZrO2-MWCNTs is the best catalyst for degradation of IC dye
in water.
4. Conclusions
The bare ZrO2 and Co-ZrO2-MWCNTs nanoparticles have been
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veriﬁed through the various characterization techniques. FTIR and
TEM analysis revealed the successful functionalization of the
MWCNTs and the distribution of the Co doped-ZrO2 nanoparticles
on the MWCNTs sidewalls. The XRD pattern revealed a mixed
monoclinic and tetragonal crystalline phases for ZrO2 which
transitioned to the tetragonal phase only with increasing Co con-
centration. The UV–vis spectra analysis conﬁrmed that the syner-
gic effects of MWCNTs and Co doping caused enhanced light ab-
sorption of the Co-ZrO2-MWCNTs nanocomposites in the visible
region. The modiﬁed catalysts displayed excellent photocatalytic
activities in the degradation of indigo carmine dye in a kinetic
pseudo-ﬁrst-order reaction. Indigo carmine was observed to ex-
perience higher degradation efﬁciency than eosin Y. The enhanced
photocatalytic activity of the modiﬁed catalysts is attributed to
high visible light absorption of the catalysts due to efﬁcient
transfer of charge carriers as a result of cobalt doping and the
excellent electrical properties of the MWCNTs. The 0.5%
Co-ZrO2-MWCNTs demonstrated the highest photocatalytic activ-
ity toward the degradation of both indigo carmine and eosin Y
dyes. Thus, in the present manuscript, It can be concluded that Co
doped ZrO2-MWCNTs nanocomposites are efﬁcient catalyst for
photocatalytic degradation of organic dyes.Acknowledgment
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